Component failures in a transmission network can lead to serious consequences and impact system reliability. The operational health of the transmission assets plays a crucial role in determining the reliability of an electric grid. To achieve this goal, scheduled maintenance of the bulk power system components is an important activity to secure the transmission system against unanticipated events. This paper identifies critical transmission elements in a 500 kV transmission network utilizing a ranking strategy. The impact of the failure of transmission assets operated by a major utility company in Southwest United States on its power system network is studied. A methodology is used to quantify the impact and subsequently rank the transmission assets in decreasing order of their criticality. The analysis is carried out on the power system network using a node breaker model and steady state analysis. The ranked list of transmission assets will enable asset managers to identify the assets that have the most significant impact on the overall power system network performance. Therefore, investment and maintenance decisions can be made effectively.
INTRODUCTION
In 2017, approximately 3,723 billion kWh of electric energy were generated by all the utilities combined in the United States [1] . An electric power transmission system is responsible for transmitting this bulk electric power from a generating station to an electrical substation. A transmission system is comprised of various transmission assets such as transformers, transmission lines, circuit breakers, and various switches. To ensure the reliable operation of an electric power grid, the health of these transmission assets is of importance. Electric power utilities perform maintenance of these transmission assets to reduce the number of failures, and to render those failures in a more planned environment. The cost incurred by the maintenance of these transmission assets is a significant part of operating costs. For example, the Southern California Edison Company was forecasted to expend about 13% of total operating expenditures on maintenance in 2015 [2] .
Maintenance strategies can be broadly categorized into corrective, preventive, condition-based and risk-based maintenance [3] . Using the latter two strategies, issues like unnecessary expenses resulting from early maintenance and resulting shutdowns, while ensuring timely maintenance of the critical components, can be addressed. In condition-based maintenance, the real time state of the transmission assets is evaluated by timely monitoring of appropriate parameters and resulting changes. This is used to predict the residual life of the critical components as well as to predict the probability of failure at a given period. Based on the real time values and trends in the equipment condition, the maintenance activities are scheduled [4] . Risk-based bulk transmission equipment maintenance and replacement has recently gained significant interest among several electric utilities. The objective of risk-based maintenance is to frame a procedure of allotting resources (both human and economic) and schedule maintenance tasks among different transmission assets as a function of the risk they impose on the system upon failure [5] . These risks are broadly quantified in terms of overloads, under-voltages, over-voltages, cascading failures and voltage instability.
One of the important factors of power system operation, that assists in implementing risk-based maintenance strategy, is to study and investigate the impact of outages on the electric grid in terms of the severity of those outages. This is termed as contingency analysis [6] . A contingency analysis provides essential results regarding the effects of various equipment outages on the electric power network. The severity of an equipment outage can be quantified in terms of performance indices based either on the network topology or on operating electrical parameters. These indices are used to rank the transmission equipment in terms of their criticality (i.e. their impact upon failure). The ranking list can be used to make various investment decisions such as planning risk-based maintenance, maintaining equipment spare parts, replacement strategies, human resource allocation of maintenance crews, and related operational responsibilities. Note that the objectives of the Smart Grid articulated by the U.S. Department of Energy are as follows [7] : ` i. Self-healing from power disturbance events ii. Enabling active participation by consumers in demand response iii. Operating resiliently against physical and cyber attacks iv. Providing power quality for 21 st century needs v. Accommodating all generation and storage options vi. Enabling new products, services, and markets vii. Optimizing assets and operating efficiently The subject of this paper addresses element (vii) of these Smart Grid objectives. According to U.S. Energy Information Administration (EIA), expenditures on operations and maintenance of the transmission grid by the companies from FERC data, has increased from $3.3 billion in 1996 to $13.5 billion in 2016 [8] . With all the foregoing in view, it appears that asset maintenance is an important focus of transmission engineering.
II. CONTINGENCY ANALYSIS
In power system operation, any misoperation caused either due to a component failure or some other unplanned operation, results in a system state termed a contingency. It is always desired to evaluate the power system security and plan operational strategies to maintain stable system operation, when one or more elements fail. In general, an electric grid is designed to be invulnerable against an N -1 contingency scenario (i.e., a failure of a single element will not affect the grid operation).
The contingency analysis process requires a detailed electrical model of the power system termed a network model. The network model is initialized reflecting the present operating conditions of the power system. These parameters include bus voltages, generation levels at each generator, loads and power interchanges among adjacent zones. Parameters like equipment ratings are also specified for calculating overloads and violations. Additionally, generator participation factors and priority order are also mentioned to reschedule the generation in case of loss of a generating station. With the available power network model, initialized with a specific operating condition, contingency analysis can be executed. A contingency list is prepared that consists of all the elements that will be removed from the power system one by one, to test their impact on the overall network. A typical list of contingency types is:
• loss of a transmission line • loss of a transformer • loss of a generator • loss of a load • stuck breaker A stuck breaker is defined as a situation when a breaker fails to open after a trip command is initiated [9] . In such condition, a series of backup protections are activated to isolate the breaker from the rest of the system. A contingency analysis is the calculation of the operating state of the power system following a contingency. In a contingency analysis, the problematic assets are removed sequentially, and the modified network is solved for the voltages (magnitude and angle) at each bus as well as active and reactive power flow in each branch. The results obtained for each contingency -the modified network solution -are compared with the base case network solution or the limits for each element in the network. Following a contingency, the results may show a transmission line being overloaded above its rated limit, for example 110% or the bus voltages may fall below certain value, say 90% of its nominal voltage. Depending upon the severity of the impact, each contingency is ranked (the contingency with the most severe impact at the top and the one with the least at the bottom). The contingency analysis requires following data inputs:
• equipment list to be included in the analysis • rating of the power system elements (for example lines, generators, transformers) • base case network data to initialize the network model prior to evaluating each contingency • power system loading scenarios (these may be part of the base case) The severity of each contingency can be evaluated based on various factors like branch current or MVA flow, bus voltages, reactive power generation, or bus voltage deviations which are often termed as performance indices. The approach of contingency ranking is discussed in some detail in the literature, e.g., [10] - [12] . The main function of ranking is to identify the critical elements of the power system whose failure can cause cascading outages.
A. Performance Indices
Contingency ranking methods are based on defining and calculating a performance index of the power system network following a contingency. The standard procedure for contingency assessment is to conduct a power flow study for the post transient steady state condition. Depending upon the nature of severity, some outages may result in network constraints violation such as bus voltages deviation outside limit and/or transmission lines or transformers overload. The performance indices used for ranking of transmission assets are inspired from the method discussed in [13] . The first ranking method in this reference measures the impact of an equipment failure based on the overloads caused on different branches in the power system network. The second approach utilizes the amount of voltage deviation of each bus as the basis for formulating the performance indices. Using these indices, the severity of each contingency and its impact on the entire system can be quantified which enables us to compare and rank all the contingencies. In general, the higher the performance index, the worse is the contingency and hence the more severe is its impact on the rest of the system. The performance index, considering only the loading of the branches is defined based on the weighted ratio of the apparent power flow in each branch to the MVA rating of that branch [13] . Equation (1) shows one such flow based performance index PIMVA,
In (1), Wij is the non-negative weighting factor associated with the j th branch while evaluating the index for i th contingency. The branch flows are normalized with their MVA limit and raised to an integer power (n = 1, 2, ….). If all the line flows are within their limits, the index PIMVA is small; and this index is high when a contingency results in branch overloads. It is to be noted that the performance index defined by (1), considers all the line flows irrespective of the ratio Pj/Pj lim . A contingency may result in several branch overloads while the other branches operate below their respective limits. A simpler flow based performance index is defined by (2),
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In (2), Fj and Fj,lim are the flow and the rating of the j th branch respectively expressed in terms of current for transmission lines and in terms of MVA for transformers. The term Nv is the number of rating violations encountered for the i th contingency. The index in (2) considers only the branches with maximum loading in the network since those heavily loaded elements are more prone to failure. The contingency that resulted in maximum overloading gets ranked higher. If two or more contingencies resulted in the same overloading, then the number of rating violations Nv is used to resolve the 'tie' and ultimately rank the contingencies.
A voltage based performance index is also defined by the authors in [13] . This index is expressed as follows,
In (3), NB is the number of buses; Wvk is the non-negative weighting factor for bus k; Vk is the voltage magnitude at bus k; Vk sp is the specified voltage at bus k; ∆Vk Lim is the voltage deviation limit for bus k above which the voltage deviations are unacceptable; and n is the selected exponent of the penalty function (usually n = 1). The index PIV,i will be higher for all the contingencies that result in larger number of bus voltage deviations outside their respective limits ∆Vk Lim . Thus, the index in (3) measures the severity of the impact in terms of their effect on the system voltage profile. In addition to these indices, the authors in [14] - [15] have introduced a different performance index to account for nonlinearities caused by reactive power and regulator tap limits. The reactive power and tap indices are not considered further here.
B. Choice of System Modeling
An important aspect of contingency analysis is the choice of system model. Operational near term and long term planning studies utilize power flow models with topological data that consider the physical connection and the operating condition of the power system. These models generally represent a substation with a single bus at a certain voltage level. The buses are connected to other substations by transmission lines and / or transformers usually termed as branches. Such models are called bus branch models. A bus branch model ignores the breaker schematic within a given substation. A bus branch model schematic for a part of a power system network is shown in Fig. 1 . However, it must be noted that the equipment outages within a substation can change the system topology to the point that it may affect the reliability of the network, at a given operating point. Hence the contingencies that may arise due to the change of a switch status within a substation are oblivious when using the bus branch model. The accurate representation of all the contingencies associated with a power system network requires the substation configuration to be incorporated in the model. Also, as discussed in [16] , the lessons learned from the 2011 Arizona-Southern California blackout suggest the need for duplicating real time system conditions. Real time system conditions are very difficult to capture using the bus branch model and can only be implemented efficiently using a node breaker model.
Figure. 1 Substation schematic: bus branch model
A node breaker model of the power system fully represents the breaker configuration at each station. This model reflects the actual operating conditions of the system obtained from real time energy management system (EMS). Disconnect switches, circuit breakers, fuses, links and other switching devices are modeled explicitly in a node breaker model. Each breaker is characterized by a status flag and a type flag. A status flag of 1 or 0, signifies if the breaker is connected online or not respectively. Similarly, a type flag indicates the control mechanism exerted on the breaker, which is usually 1 for an automatic switching device and 0 for a manual switching device. Fig. 2 shows a node breaker model of a power system network [17] .
Figure. 2 Substation schematic: node breaker model
It is to be noted that using a node breaker model, the substation schematic like a ring bus or the breaker-and-a-half bus configurations can be modeled accurately. The type of system model used while performing contingency analysis greatly affects the accuracy of the results. Contingencies involving stuck breakers can only be represented in a node breaker model. A comparison of the simulation of various contingencies is given in Table I . For this comparison, the bus branch and node ` breaker substation schematics of Figs. 1 and 2 are used. Table I , it is apparent that the bus branch model fails to capture all the network changes resulting from contingency 2 (fault on line 1 with breaker A4 out of service), which on the other hand are obvious with the node breaker model. To summarize, a node breaker model greatly improves the following as listed by National Electric Reliability Corporation [18] :
From the comparison in
• visibility of equipment status • station configuration • associated critical contingencies • simulation of protection system operation In addition to the bus branch and node breaker model, a power system network can also be represented with a hybrid model [19] . In a hybrid model, a node breaker representation is used only for substations of interest, whereas all other areas are modeled using bus branch model. This greatly reduces the complexity associated with using node breaker model for large power systems.
III. SYSTEM DESCRIPTION FOR AN ILLUSTRATIVE EXAMPLE
In this paper, an example is shown to illustrate the maintenance ranking strategy in terms of equipment criticality as suggested above. The example analysis is done on an operative power system network of a major utility company in the Southwest United States which is a part of the Western Interconnection. Since it was desired to analyze the circuit breaker contingencies, a node breaker model is used for this study. This section gives a brief description of the power system network. For example purposes, four loading cases are considered. Table II lists various loading scenarios on which the study has been conducted. The loading scenarios have been selected to understand the impact of the failure of transmission assets at various operating conditions. Table III summarizes the important aspects of the transmission system at different scenarios mentioned above.
Scenario 1 corresponds to the light load case, where all generators are not at maximum or online. Also, in this case some power is being exported to the neighboring areas. On the other hand, in scenarios 2, 3 and 4, the power is being imported from the neighboring areas, since the local generation was not enough. It is to be noted that only one swing bus was assigned in each area to avoid regulation conflicts. Three separate contingency lists were created consisting of 35 transformers, 30 transmission lines and 108 circuit breakers in the 500 kV transmission network of the operating utility. Jumper and series capacitor which are modeled as a transmission line with zero impedance and negative reactance respectively, are not considered for the transmission line contingencies [20] . 
IV. SIMULATION RESULTS
The objective of this study is to identify and rank the bulk transmission assets relative to each other in terms of the severity of impact on the power system network upon their failure. The failure of transformer or a transmission line is simulated, followed by a full AC power flow study using a commercial power flow study software package, PSLF. To simulate a stuck breaker contingency, a list of equipment including breakers, lines, transformers or generators that would trip due to a breaker getting stuck is created. Table IV shows the list of devices that would have tripped in case of stuck breakers C4 and C5 of substation C in Fig. 2 . A similar concept is applied for all the breakers in the contingency list. The results of the converged power flows (branch flows and bus voltages) for each failure case are exported to MATLAB for computing the performance indices defined by (2) and (3) . The parameter is initialized to be 1 while computing both the performance indices. The voltage deviation limit ∆ in (3) is taken as 0.05 p.u. for buses at 500 kV and 0.075 p.u. for buses below 500 kV. Once the performance indices are obtained, the transmission assets are ranked by the method discussed earlier in this paper. This process is repeated for four different loading scenarios as mentioned in the system description. A comparison is drawn between the ranking of assets under different scenarios. For illustrative purpose, plots of ` the and index for different transformers rank are shown Figs. 3 and 4.
Figure. 3 Comparison of PIF base transformers rank for different loading scenarios
From the plots in Figs. 3 and 4 , it can be observed that for contingencies having the same rank, the and the indices are proportional to the loading conditions. A similar trend was observed for transmission lines and circuit breakers contingencies. Tables V and VI show the and indices for five most critical transformers under each loading scenario. A list of these transformers is summarized in Table VII. From  Table VII , it can be observed that the set of top five critical transformers vary with the loading conditions. For example, based on the ranks obtained using , Tr 35 is the most critical transformer for scenario 4 whereas Tr 18 gets ranked at the top for scenario 1. Using as basis for ranking, Tr 35 gets ranked at the top irrespective of the loading condition. The ranking is highly dependent on the choice of performance index. This is expected since after a contingency both the performance indices capture the changes in the system by means of different electrical parameters. Tr18  Tr11  Tr35  Tr35  Tr35  Tr35  Tr35  2  Tr16  Tr16  Tr12  Tr10  Tr07  Tr03  Tr08  Tr08  3  Tr17  Tr01  Tr18  Tr09  Tr18  Tr02  Tr10  Tr34  4  Tr07  Tr14  Tr16  Tr08  Tr16  Tr08  Tr09  Tr31   5  Tr14  Tr13  Tr35  Tr34  Tr17  Tr09  Tr11  Tr32 The notation 'Tr' denotes a transformer The notation 'Ln' refers to a system transmission line The notation 'C' refers to a circuit breaker V. CONCLUSION This paper shows a method for the relative ranking of transmission equipment in terms of their failure impact on the system. The ranking provides the criticality of the associated component whose failure could lead to significant problems associated with reliability. The criticality of a given component would provide a guide to the asset manager to plan maintenance appropriately. The essence of the concept is to formulate two indices that capture the impact of transmission contingencies. One index is based on subsequent component loads, and the other is based on operating voltage magnitudes. An example is shown utilizing an operative transmission network in the United States. The node breaker model is used which can capture the circuit breaker configuration in substations. Results of the severity ranking for different loading scenarios are shown.
